Introduction {#s0005}
============

Boron neutron capture therapy (BNCT) is a binary form of radiation therapy that involves the selective delivery of boron to target tissues, followed by irradiation with thermal neutrons. When irradiated with low-energy neutrons (\<0.4 eV), ^10^B, a naturally occurring isotope of boron, captures a neutron and undergoes a nuclear reaction that results in the release of an alpha particle and a lithium nucleus [@bb0005], [@bb0010], [@bb0015]. These particles have a high Linear Energy Transfer (LET) and short track lengths (5--9 μm), resulting in significant radiation killing effect in an area roughly equivalent to one cell diameter [@bb0020], [@bb0025]. In general, it is intended that the boron delivery agents, as well as the low energy neutron beam, have very little biologic effect by themselves [@bb0030]. In this respect, cell killing selectivity is maximized in those tissues with high concentrations of ^10^B which are irradiated [@bb0035].

Similar to other forms of high LET radiation therapy, the radiobiology of BNCT is complex [@bb0040], [@bb0045]. While the maximum therapeutic effect of BNCT is realized from the boron neutron capture reaction products, there are several other dose sources which contribute to the total dose delivered during BNCT [@bb0050], [@bb0055]. Gamma rays are produced during the BNCT reaction and hydrogen neutron capture [@bb0060]. The thermal neutron beam at the MURR contains acceptable levels of fast neutrons and gamma rays remaining after the neutron filters [@bb0065]. Fast neutrons produce interact with hydrogen and produce high LET recoil protons through elastic scatter. High LET protons are also produced when ^14^N captures a thermal neutron. The total physical dose delivered in a BNCT treatment is the sum of all of the physical dose components [@bb0050]. Based on the beam characteristics as shown in [Table 1](#t0005){ref-type="table"}, there are two variables that determine total dose delivered to a tissue: the tissue boron concentration and the time length of irradiation [@bb0070]. The total biologic effective dose is much more complex, and must be determined experimentally with very specific endpoints [@bb0075].Table 1Dose Contributions of Various Sources for the MURR Thermal Neutron Beam LineTable 1Dose ComponentPhysical Dose RateGamma dose from beam3.4 cGy/min^1^H capture photons1.4 cGy/min^14^N capture protons1.1 cGy/minBNCT reaction (Li and He)0.43 cGy/min/ppm ^10^B

BNCT research has been ongoing for over 50 years, including several direct clinical investigations in human patients with cancer [@bb0005], [@bb0080], [@bb0085], [@bb0090], [@bb0095], [@bb0100], [@bb0105], [@bb0110], [@bb0115], [@bb0120], [@bb0125], [@bb0130]. While some efficacy has been shown in the human treatment of glioblastoma, head and neck cancer, and melanoma, the main shortcomings of BNCT have been in terms of neutron delivery, boron delivery, and prudent use of animal models of human disease [@bb0105], [@bb0120], [@bb0130], [@bb0135], [@bb0140]. While most BNCT facilities still use a nuclear reactor as a neutron source, filtering methods have improved since the initial investigations into this therapy. These advances have resulted in improved neutron spectra, allowing reduced gamma and fast neutron dose components, as well as the use of epithermal neutrons to allow for deeper penetration into tissues and skin sparing [@bb0070], [@bb0145], [@bb0150], [@bb0155]. Currently, there remains a need for new boron-delivery compounds and a critical assessment of clinical uses. Ideally, these new boron compounds should be non-toxic, bear a high boron payload, and feature selective delivery to malignant tissues [@bb0010], [@bb0160], [@bb0165].

The need for appropriate selection of tumor models for BNCT has been demonstrated by the limited success of early trials to treat glioblastoma multiforme [@bb0005], [@bb0080], [@bb0090], [@bb0095]. These results are not surprising, given the difficulty associated with treating this aggressive brain malignancy [@bb0170]. BNCT has already met with a measure of success when applied to different clinical scenarios including treatment of melanoma and recurrent tumors of the head and neck [@bb0105], [@bb0130], [@bb0140], [@bb0175], [@bb0180], [@bb0185]. In an effort to develop new, more cancer-specific boron delivery compounds and direct them to alternative tumor models, Kueffer et al. demonstrated BNCT in mice bearing EMT6 mammary tumors using boron-rich liposomes as a delivery system [@bb0190]. These liposomal nanoparticles deliver two boron clusters compounds, K\[*nido*-7-CH~3~(CH~2~)~15~--7,8-C~2~B~9~H~11~\] (MAC) and Na~3~\[1-(2\`-B~10~H~9~)-2-NH~3~B~10~H~8~\] (TAC), which carry a high boron payload [@bb0120], [@bb0125]. These compounds are incorporated into liposomes, with MAC in the lipid bilayer membrane, and TAC in the hydrophilic liposome core. Liposomes containing both MAC and TAC are then administered intravenously and, by means of the enhanced permeability and retention (EPR) effect of neoplastic vasculature, accumulate preferentially in the tumor [@bb0195], [@bb0200], [@bb0205]. In mice with allograft EMT6 mammary carcinoma tumors, delivery of these compounds via a double-injection protocol resulted in tumor boron concentrations as high as 67.8 μg B per gram of tumor tissue, and a 30 minute irradiation nearly doubled the time required for EMT6 tumors to reach 500 mm^3^. [@bb0190] This study seeks to further validate these compounds in a second murine tumor model, namely CT26 colon carcinoma, and to compare BNCT efficacy with results from the previous EMT6 experiments.

Results {#s0010}
=======

Biodistribution Studies {#s0015}
-----------------------

Studies were carried out to evaluate the boron concentrations in blood, tumor and normal organs in mice bearing CT26 tumors. These experiments were designed to mirror the studies done involving mice with EMT6 tumors [@bb0190]. Once tumors were approximately 100--150 mm^3^, mice were administered two separate MAC/TAC liposome injections of 200 μL via the lateral tail vein delivered 24 h apart, resulting in a total boron dose of 360--371 μg B per injection. Blood, liver, spleen, kidney, tumor, skin, and tail were collected at necropsy at multiple time points and were subsequently analyzed for their boron content using inductively coupled plasma atomic emission spectroscopy (ICP-OES). The biodistribution results are presented in [Figure 1](#f0005){ref-type="fig"}. An average peak tumor boron concentration of 36 ppm was observed 18 hours after the second injection (n = 9), though boron levels in the tumor remained relatively consistent from 18 to 72 hours. The maximum tumor to blood boron ratio of 3.1:1 occurred 72 hours after the second injection, at which time the average tumor boron concentration was 28 ppm (n = 6) ([Supporting information Table 1](#ec0005){ref-type="supplementary-material"}).Figure 1Mean boron concentration in tissue after a double injection of MAC/TAC liposomes in mice with CT26 tumors. Error bars indicate the standard deviation of the measurements.Figure 1

Irradiation Studies {#s0020}
-------------------

After biodistribution studies were completed, a series of neutron irradiation studies were performed to evaluate the therapeutic response of CT26 tumors to BNCT using these liposomes. The mice were irradiated for 30, 45, 60, or 90 minutes. The irradiation started 30 hours after the second liposome injection. [Figure 2](#f0010){ref-type="fig"} illustrates the tumor growth delay after a 45 minute irradiation, comparing untreated controls (n = 29), mice receiving only a 45 minute neutron irradiation (n = 8), and mice receiving a 45 minute irradiation 30 hours after the liposome injection protocol (n = 8). The 45 minute neutron irradiation resulted in a delivered dose of 8.3 Gy to the BNCT-treated mice and 2.7 Gy to the neutron-only mice. The tumors of control mice reached 500 mm^3^ in 7 days, the tumors of neutron-only mice reached 500 mm^3^ in 21 days, and those of BNCT-treated mice required 41 days to reach the same volume. These values were all statistically different from one another (*P* = .00985). Additionally, 4 of the 8 mice in the BNCT-treated group experienced an at least temporary complete tumor regression, 2 of which remained in remission until the end of the study period (73 days after irradiation). No mice in the neutron-only group had resolution of their tumors after a 45 minute irradiation. A Kaplan--Meier curve demonstrating the time for tumors to triple in size is presented for different irradiation groups in [Figure 3](#f0015){ref-type="fig"}.Figure 2Tumor growth delay after irradiation of multiple tumor models. This figure presents the mean tumor volume normalized to the tumor volume of that population at day 0. All non-control mice were irradiated for 45 minutes.Figure 2Figure 3Kaplan--Meier analysis depicting time required for tripling of tumor volume after irradiation.Figure 3

Dose--Response Comparison {#s0025}
-------------------------

As already discussed, the total physical dose delivered in BNCT is the sum of each of the dose components. Since the constituent dose contributions are directly influenced by filtration and neutron profiles, the derivation of dose components is specific for a given neutron beam. A dose--response comparison was made without distinguishing these two variables and is presented as [Figure 4](#f0020){ref-type="fig"}. For EMT6 tumors, a delivered dose of \~8.30 Gy (30 min irradiation) results in a relative tumor growth delay of 1.8 (18 days vs. 10 days). This response increases in a near-linear fashion to 2.4 (24 days vs. 10 days) after a delivered dose of \~16.60 Gy (60 min irradiation), resulting in a slope of m = 0.09 times delayed tumor growth per Gy delivered (*R*^2^=0.9353). This effect is more pronounced in mice bearing CT26 tumors, where similar doses result in delays of 9.25 (37 days vs. 4 days) and 18.75 (75 days vs. 4 days), respectively, and an overall slope of m = 1.05 times delayed tumor growth per Gy (*R*^2^=0.9889).Figure 4Comparison of growth delay effect for EMT6 and CT26 tumors after delivery of BNCT. Filled markers are indicative of a dose including a BNCT component, while open markers represent irradiations with no boron present.Figure 4

Discussion {#s0030}
==========

Boron Compounds {#s0035}
---------------

All animals in these studies received two separate injections of non-permeable liposome constructs containing MAC in the lipid bilayer, and TAC in the aqueous core. Liposome infusion was initially fractionated due to limitations on the injectable volume in mice, and the 24 hour time point was chosen based on pharmacokinetic properties. These compounds are not evaluable non-invasively as studied, though our laboratory is actively developing similar agents that function as CT or MRI contrast agents, which would allow for evaluation of boron content without need for a biopsy [@bb0210], [@bb0215], [@bb0220]. The compounds studied here are also only passively targeted to the tumor via the EPR effect. While we have seen improved tumor targeting using functionalized nanoparticles over non-functionalized nanoparticles, we have not actively targeted our liposome platform (unpublished data).

Biodistribution Studies {#s0040}
-----------------------

The peak tumor boron concentration of 36 ppm observed in CT26 mice is markedly less than the 68 ppm in EMT6 tumors as reported by Kueffer et al. [@bb0190] There were several notable differences in the development of the tumors identified during this study. The growth rate of CT26 tumors is markedly different from that of EMT6 tumors. While tumors would generally take longer to reach a 100 mm^3^ volume in the mouse flanks (14 days vs. 7 days for EMT6 tumors), once measureable, the tumors grew at a much more rapid rate, resulting in the inclusion of several larger tumors in the biodistribution analysis. As reported earlier, we also noted that tumor size is inversely proportional to tumor boron concentration ([Supporting Materials](#ec0010){ref-type="supplementary-material"}). [@bb0190] The wider range of tumor sizes in the CT26 mice would allow the inclusion of mice with larger tumors in the data, resulting in an overall decrease in the average tumor boron content for these mice. Also noteworthy is that, as tumor grows larger, the EMT6 tumors tend to develop a necrotic central region, whereas the CT26 tumors do not. Other factors which may have altered boron delivery to tumors include variability in tumor necrosis, vasculogenesis and permeability [@bb0200].

Irradiation Studies {#s0045}
-------------------

Even though the tumor to blood boron ratio was poor at the 30 hour time point, we carried out the irradiation experiment to directly compare results of this study with the previous EMT6 experiment. Despite lower tumor boron concentrations in CT26 tumors, we observed a very robust response to BNCT. Indeed, 50% of the tumors treated with 8.3 Gy completely resolved, and half of these tumors did not recur for the life of the mouse. While Heber et al. recently published data demonstrating the complete resolution of some tumors using these same liposome compounds for BNCT of squamous cell carcinoma of the hamster check pouch, complete resolution in mice receiving a single BNCT session had not been seen by our group until the current studies [@bb0225]. There are at least two contributing factors to the noted response, both relating to the differences in the biology of these tumors. The first factor is a difference in the inherent radiosensitivity of the two tumor types. A marked antitumor response was noted in the mice with CT26 tumors that received only neutron irradiation, whereas a much less robust response was noted in the neutron-only mice in the EMT6 studies. In fact, in the initial studies using CT26 tumors, mice received a 90 minute irradiation resulting in complete resolution of the tumors in all mice (both BNCT (16.6 Gy) and neutron only controls(5.3 Gy)). The observed difference in biologic response with no change in the physical delivery of the radiation suggests an inherent biologic difference in the sensitivity of these tumors to radiation.

The other factor likely contributing to this difference is a result of the different growth patterns of CT26 tumors compared to EMT6 tumors. As noted above, CT26 tumors develop more slowly, but, once measureable, grow more quickly than EMT6 tumors. This observation suggests that the fraction number of cells which are actively dividing (growth fraction) in CT26 tumors is larger than in EMT6 tumors. Additionally, even as CT26 tumors reach sizes up to 2 cm in diameter, they retain an ellipsoid to spherical shape, whereas EMT6 tumors become flattened and scabbed. These observations correlate with early data indicating a large central area of focal necrosis in EMT6 tumors. A large area of necrosis is likely to inhibit the uptake of boron compounds due to inadequate blood supply. As a result, the boron distribution in these EMT6 tumors is likely more heterogeneous than in CT26 tumors of equal size. This heterogeneity would prevent the sterilization of tumor cells, evidenced by the regrowth of all EMT6 tumors, whereas complete local control for more than 90 days was seen in 25% of the mice with CT26 tumors. The presence of necrotic regions, and likely hypoxic regions, could also directly contribute to differences in radiosensitivity of the two tumor lines.

Dose--Response Comparison {#s0050}
-------------------------

Only total dose was considered in the dose--response comparison, without regards specifically to the presence of boron. Consequently, the doses reported are in terms of physical dose, rather than biologic dose, which was not possible to determine due to the absence of an observable endpoint. Thus, while the particles of the BNCT reaction have a higher linear energy transfer than the other components of the beam, they were weighted the same as the doses delivered to the neutron-only mice. It is worth noting that no dramatic change of slope was noted in the dose response curves, which would have potentially indicated an increased biologic effect at the higher doses, which included dose from the BNCT reaction. It is also worth noting that this study was performed in in vivo models treated with BNCT, which is in contrast to the majority of the studies comparing different cell lines to treatment with high LET radiation.

At all doses, the radiation delivered included both high LET radiation (BNCT components, recoil and capture protons, etc.) and low LET radiation (gamma rays), though only the mice that were irradiated after having been given boron compounds had alpha particle and lithium nucleus high LET components. Response to radiation therapy was measured by means of tumor growth delay, which incorporates all forms of cell loss, including necrotic, apoptotic and mitotic cell death. The increased biologic effect from high LET radiation is usually attributed to increased complexity of DNA damage in the form of double strand breaks and local multiply damaged sites resulting from a denser ionization pattern [@bb0230], [@bb0235]. This model of biologic effectiveness is supported by the relative indifference of high LET radiation to hypoxia, phase in the cell cycle and fractionation, as DNA repair is minimal when complex DNA damage occurs [@bb0075]. This model, however, does not account for the differences seen between cell lines in the current study. While cell kinetics and level of hypoxia could vary between the two cell lines, the current understanding of high LET killing from the BNCT reaction suggests that cell kill should be similar. The difference is most likely due to a difference in inherent radiosensitivity [@bb0240]. One component of inherent radiosensitivity is radiation-induced apoptosis, which has been shown to be non-p53-mediated in high LET radiation, which is in contrast to the p53-dependent apoptosis associated with low LET radiation [@bb0245], [@bb0250], [@bb0255]. However, in this study, apoptosis is likely not the only component, as the minimum tumor size is achieved 15 days after treatment in mice with CT26 tumors treated with BNCT, and apoptosis is expected to be seen within 72 hours of irradiation.

Ideally, multiple tumor lines should be evaluated in an attempt to systematically identify potential targets for BNCT. The logistical limitations of the current study required transport of mice to the MU Research Reactor where neutron irradiation was conducted and back to a separate mouse facility for monitoring. Transport of mice in this manner is not feasible using immune-compromised mice, and thus we were limited to tumor cell lines syngenic to the mice used in the experiments. Nevertheless, this data demonstrates that inherent radiosensitivity of the target plays a role in the outcome of boron neutron capture therapy, and suggests that appropriate selection of tumor systems for the application of BNCT is imperative. This data also reinforces the concept that relative biologic effectiveness (RBE) is dependent on multiple factors, including endpoint and tumor model.

Materials and Methods {#s0055}
=====================

Compounds {#s0060}
---------

Boron compounds were prepared using previously published methods and subsequently formulated into liposomal suspensions [@bb0190], [@bb0260], [@bb0265], [@bb0270]. The *m*~v~ diameter (mean diameter of the volume distribution, representing the center of gravity of the distribution) of formulated liposomes ranged from 89.1 nm to 109.2 nm as determined by dynamic light scattering. The boron concentrations of the liposome formulations were 1800--1853 ppm for the irradiation studies, and 2384 ppm for the biodistribution studies.

Cell Culture and Tumor Induction {#s0065}
--------------------------------

CT26.CL25 cells were purchased from American Type Culture Collection and cultured in Dulbecco\'s Modified Eagle Media supplemented with 10% FBS as recommended by American Type Culture Collection. Cells in log phase were dissociated by incubation with TrypLE buffer (Life Technologies) for 10 min, followed by addition of FBS-containing medium to terminate TrypLE digestion. Cells were then centrifuged at 323×*g* for 8 min at room temperature using Fisher Scientific Accuspin 3R centrifuge, and cell pellets were resuspended in PBS solution. Cells were counted using a Countess Automatic Cell Counter (Life Technologies). For tumor induction, CT26 cells (1×10^6^ cells/mouse) were inoculated into the right flank of female BALB/c mice having an average body weight of 20 ± 2 g, following standard protocols [@bb0275]. Animals were purchased in groups of 12 mice (Harlan Laboratories) for tumor induction, and were assigned to either biodistribution or irradiation studies at induction.

Biodistribution Studies {#s0070}
-----------------------

CT26 tumors were developed in the right flank of mice as described above. After the tumors reached a reliably measureable size (approximately 75 mm^3^), mice were administered two separate injections of 200 μL of the MAC/TAC liposome compound into the lateral tail vein, 24 hours apart. Mice were euthanized 18, 24, 30, 48, and 72 hours after the second liposome injection. Multiple tissues, including blood, liver, spleen, kidney, skin, tumor and tail were collected at the time of necropsy. Average tumor mass at the time of necropsy was 294.8 mg (range 84--634.7). Samples were digested and analyzed using ICP-OES as described previously by Kueffer et al. [@bb0190].

Therapeutic Effect Studies {#s0075}
--------------------------

CT26 tumors were developed in either the left or right flank of mice as described above. Once tumors reached a reliably measureable size (approximately 75 mm^3^), mice were administered two separate injections of 200 μL of the MAC/TAC liposome compound into the lateral tail vein, 24 hours apart. Average tumor size at the time of irradiation was 122.6 mg (range 57.8--216.1) for CT26, and 60.1 mg (range 21.6--103.9) for EMT6. Mice were transported to the University of Missouri Research Reactor 30 hours after the second injection, where they were anesthetized and placed in the thermal neutron beam for 30, 45, 60, or 90 minutes. Prior to irradiation, mice were anesthetized with a combination of 10 mg/kg xylazine and 80 mg/kg ketamine administered i.p. Cu/Au flux wires were affixed to the right or left flank (over the tumor) using tape before it was placed in a positioning gantry as described previously by Kueffer et al. [@bb0190] The average neutron flux was previously determined to be 8.8 x 10^8^ neutrons/cm^2^s (±7%) integrated over the (thermal) energy range of 0.0 to 0.414 eV. The neutron spectrum validation has previously been described by Brockman et al. [@bb0070] Irradiation times varied from 30 to 90 minutes, and doses were determined using the sum of dose components from [Table 1](#t0005){ref-type="table"}. After the irradiation procedure, mice were monitored with daily tumor measurements until humane endpoints were met. All procedures involving live animals were done in accordance with the Institutional Animal Care and Use Committee at the University of Missouri.

Data Analysis {#s0080}
-------------

Tumor volumes in mm^3^ were calculated using the equation $V = \frac{\pi}{6}^{\ast}l^{\ast}w^{\ast}d$, where *l* is the length (greatest diameter), *w* is the width (perpendicular to greatest diameter) and *d* is the depth of the tumor, all in mm. Biodistribution plots and tumor growth curves were constructed using Microsoft Excel 2013. In the dose--response comparison, the unit Growth Delay Effect, which was the quotient of the time to 350 mm^3^ of the treatment group divided by the time 350 mm^3^ of the control group, was used to account for the difference in growth rates between CT26 and EMT6 tumors. Time-to-event analysis was performed using the Kaplan--Meier method, and outcomes among groups were compared using the log-rank test. Survival analysis was performed using SigmaPlot 12.0.

The following are the supplementary data related to this article.Supporting information Table 1.Tissue boron concentrations in mice bearing CT26 tumors receiving a double injection of MAC/TAC liposomesSupporting information Table 1Supporting Information Figure 1.Variation of CT26 tumor boron concentration as a function of tumor mass. All mice received equal injections of MAC/TAC liposomes according to the double-injection protocol.Supporting Information Figure 1
